This paper explores the physics of vacuum rf breakdowns in high gradient mm-wave accelerating structures. We performed a series of experiments with 100 GHz and 200 GHz metallic accelerating structures, at the Facility for Advanced Accelerator Experimental Tests (FACET) at the SLAC National Accelerator Laboratory. This paper presents the experimental results of rf tests of 100 GHz travelling-wave accelerating structures, made of hard copper-silver alloy. The results are compared with pure hard copper structures. The rf fields were excited by the FACET ultra-relativistic electron beam. The accelerating structures have open geometries, 10 cm long, composed of two halves separated by a variable gap. The rf frequency of the fundamental accelerating mode depends on the gap size and can be changed from 90 GHz to 140 GHz. The measured frequency and pulse length are consistent with our simulations. When the beam travels off-axis, a deflecting field is induced in addition to the decelerating longitudinal field. We measured the deflecting forces by observing the displacement of the electron bunch and used this measurement to verify the expected accelerating gradient. We present the first quantitative measurement of rf breakdown rates in 100 GHz copper-silver accelerating structure, which was 10 −3 per pulse, with peak electric field of 0.42 GV/m, an accelerating gradient of 127 MV/m, at a pulse length of 2.3 ns. The goal of our studies is to understand the physics of gradient limitations in order to increase the energy reach of future accelerators.
Introduction
Accelerating gradient is one of the crucial parameters affecting the design, construction and cost of the next generation linear accelerators. The challenge is to develop reliable and costeffective high-gradient accelerators.
The typical working frequencies of linear accelerators are from about 1 GHz to 12 GHz. The accelerating gradient of the SLAC S-band linac is about 17 MV/m [1] . During development of the Next Linear Collider (NLC)/Global Linear Collider (GLC), an X-band test accelerator operated at 65 MV/m unloaded gradient [2, 3] . The CERN based linear collider design CLIC requires 100 MV/m loaded gradient at 12 GHz in accelerating structures with heavy wakefield damping [4] . Future accelerators like compact synchrotron light sources or inverse Compton scattering gamma ray sources [5] may need even higher gradients.
High gradient acceleration has several problems: rf breakdown, pulsed surface heating and field emission are the major obstacles [6] . RF breakdowns limit the working power and produce irreversible surface damage in high power rf components and rf sources.
RF breakdown studies
Experimental work on high gradient acceleration was a major part of early linear collider development, published by V. E. Balakin et. al. [7] and by G. Loew et. al. [8] . The work Email address: dalforno@slac.stanford.edu (Massimo Dal Forno) of G. Loew et. al. [8] considered that the rf breakdowns were directly linked to peak electric field. They were studying the peak limit value of the electric field that generates breakdowns. Their work was carried out at different frequencies: S-band, C-band, and X-band. They found that the maximum peak surface electric field achievable without rf breakdowns, grows with the square-root of the frequency. This analysis lead to the idea that maximum accelerating gradient, limited by breakdown, increases with frequency. Later, other research carried out at CERN [9, 10, 11] in the frequency range from 21 to 39 GHz, concluded that there is no increase in the maximum achievable gradient at higher frequencies. Both studies considered rf breakdown as a phenomenon generated when the peak electric field exceeds a certain threshold.
Major studies to understand and mitigate the effects of rf breakdown were conducted during the development of the normal-conducting 11.424 GHz linear collider NLC/GLC [12, 2, 3] , which has been followed by the 12 GHz CERN-based linear collider CLIC [13] . During the NLC/GLC work the statistical nature of rf breakdown became apparent [12, 2, 3, 14] . For most accelerating structures exposed to the same rf power and pulse shape, the number of rf breakdowns per pulse is nearly steady or slowly decreasing over 10 5 − 10 7 pulses. The breakdown probability became one of the main quantitative requirements characterizing high gradient performance of linacs. For instance: the CLIC linear collider requires rf breakdown probability to be less than 4 · 10 −7 per pulse per meter for a loaded accelerating gradient of 100 MV/m.
As technology progressed, sophisticated manufacturing and
Dielectric and metallic wakefield accelerators
Another approach to reaching high accelerating gradients at higher frequencies involves dielectric wakefield accelerators. These schemes have been tested at SLAC FACET [58, 59] and elsewhere [60, 61, 62, 63] . At Argonne, beam driven structures [64, 65, 66, 67] , both metallic and dielectric, were also tested. To our knowledge, in these experiments there were no systematic studies of rf breakdown probability. This paper is divided into five sections. Section 2 reviews the previous experiments and introduces our last experiment: a 100 GHz copper-silver accelerating structure. In the third section we discuss design considerations and the geometry of the structure. In the fourth section we present the rf simulations including the estimation of the pulsed surface heating. The fifth section reports experimental results, comparison with simulations and with previous experiments. Section 6 is the discussion and section 7 the conclusions.
All symbols used in this paper are presented in Table 1 . FACET [58] , housed in the first 2 km of the SLAC linear accelerator [1] . The FACET beam energy was 20.35 GeV. The list of all the mm-wave experiments carried out at FACET is in Table 2 . All the tested accelerating structures are constant impedance and open, consisting of two separate halves, separated by a gap. In the experiment No. 1 the gap between the two plates was fixed, in the subsequent experiments the gap was varied, changing the rf parameters. The bunch charge was fixed during the experiments, therefore we changed the gradient by varying the relative position of the beam with respect to the center of the structure. The experiment No. 1 used a travelling wave structure working in the standing wave regime. The coupler is undercoupled with -30 dB of transmission. We found that the useful rf detected signal was low compared to the ambient electromagnetic noise. Thus in all the subsequent experiments we used a travelling wave structure, with a matched coupler with gap = 0.3 mm, to increase the signal to noise ratio. We used travelling wave structures also to compare the performances of mm-wave accelerators with the currently used X-band travelling wave accelerators.
Different materials have been tested, copper (in the Experiments No. 1, 2, 4 and 5), stainless steel (in the Experiment No. 3), and copper-silver (in the Experiments No. 6 and 7). The metals used to produce the structures are not heat treated, we used hard copper (not annealed) and hard copper-silver, because from our X-band experience hard metals have low breakdown rate. We measured the breakdown rate at different nominal frequencies, at 100 GHz (in the Experiments No. 1, 2, 3, 4 and 7) and at 200 GHz (in the Experiments No. 5 and 6). The results of the tests of the 100 GHz structures are presented in the papers [68, 69] , while results of the 200 GHz structures tests are presented in [70] . The results of the last, 7th experiment are presented in this paper and compared with the previous ones.
Summary of the first 100 GHz experiments, No. 1, 2 and 3
Results of the first 100 GHz copper and stainless-steel accelerating structures are presented in paper [68] . We found that the non-damage conditions in a 100 GHz copper travelling wave accelerating structure are the following: accelerating gradient of 0.3 GV/m with a peak surface electric field of 1.5 GV/m and a pulse length of about 2.4 ns. In the 100 GHz stainless steel travelling wave accelerating structure we found an accelerating gradient of 0.19 GV/m with a peak surface electric field of 1 GV/m and a pulse length of about 0.33 ns. In these first experiments we did not measure the breakdown rate. As the studies progressed, we improved our diagnostic tools and introduced the arc-detector, a diagnostics unique to open accelerating structures. The two halves are insulated from each other and ground. The arc-detector measures the field emission current and reliably detects rf breakdowns. Details of the arc-detector are described in the experimental chapter and in ref [68, 70] .
Summary of the experiment No. 4, 100 GHz copper structure
The first results of the breakdown rate measurements in 100 GHz copper structures are presented in [69] , where we found that the breakdown rate was 0.066 per pulse, with a peak surface electric field of 0.57 GV/m (considering trapped modes synchronous to the electron beam, calculated with a modal expansion method described in [68] ), and a pulse length of 2.3 ns. From the wakefield simulations we obtained the electromagnetic fields excited by the bunch which both decelerate and deflect the beam, obtaining the clear relation between deceleration and deflection. In this experiment we measured deflecting voltage by observing the displacement of the electron beam on a diagnostic screen. By knowing the relation between deceleration and deflection, the measurement of the deflecting field allowed us to confirm the simulated values of the deflecting and accelerating gradients.
Summary of the 200 GHz experiments, No. 5 and 6
Using the experience and techniques developed in our previous 100 GHz tests, we built 200 GHz travelling wave accelerating structures. The first breakdown rate measurements in 200 GHz copper and copper-silver structures are presented in [70] . We found that at 200 GHz the breakdown rate of the copper structure was 10 −2 per pulse, with a peak surface electric field of 500 MV/m and a rf pulse length of 0.3 ns. In this case the ratio between beam aperture and wavelength was high, a/λ = 0.5, therefore the ratio between peak field and accelerating gradient was large, E max /E acc = 8.9. Thus the accelerating gradient was 56 MV/m. Typically a high value of a/λ leads to a high value of E max /E acc , the ratio depends on the geometry. In our X-band experiments the typical ratio of the fields is about E max /E acc ∼ 2 with a/λ = 0.1 ∼ 0.2 [32] . The pulse repetition rate with copper was 1, 9 and 15 Hz. Copper-silver structure had a breakdown rate of 10 −2 per pulse, with peak electric field of 320 MV/m at a pulse length of 0.5 ns. With a/λ = 0.37, E max /E acc = 6.4, this corresponds to an accelerating gradient of 50 MV/m (the repetition rate was 29 Hz).
In the 200 GHz experiments, the breakdown rate was higher in the copper-silver structure, in contradiction with the X-band experiments, where the breakdown rate was higher in copper structures. We speculate that with the copper-silver structure the higher beam repetition rate could have increased the breakdown rate.
Experiment No. 7, 100 GHz copper-silver structure
In this paper we present the results of our last test, Experiment No. 7. We performed quantitative measurements of rf breakdown rates and gradients in a 100 GHz coppersilver structure, and we show the comparison with the previous 100 GHz copper tests No. 1, 2 and 4. We compare the performances of different materials, copper and copper-silver. Motivation to perform 100 GHz test with copper silver was a need to better understand rf performance of this material.
In our X-band experience copper-silver accelerating structures have typically lower breakdown rate than copper structures, and in the 200 GHz experiments, the copper-silver structure performed worse than the copper one, speculated to be due to different experimental conditions. Since the experimental conditions of the 100 GHz experiments No. 4 and 7 are similar, we expect to have a better comparison between copper and copper-silver in the these two tests.
Design and geometry of the structures
In experiment No. 7, we studied breakdowns in a beamdriven 100 GHz copper-silver structure. The copper-silver alloy contains 0.085% silver. Since we do not have access to mmwave rf sources, we designed wakefield-excited structures.
We designed the accelerating structures to be constant impedance, open type, composed of two separate movable metal halves. The horizontal position, the vertical position and the gap are remotely controlled by three actuators. The cavities and couplers are milled into the flat side of metal blocks. All the edges have been rounded to minimize the peak fields. When the two halves are placed together, they form a single accelerating structure. The regular cell has been designed with a fundamental mode close to 2π/3 phase advance, when the gap is set to 0.3 mm. The gap 2a = 0.3 mm was chosen to accommodate the practical transverse bunch size.
The rf parameters of the structure can be changed by varying the gap. The whole structure is 10 cm long, with the active length of the accelerating cavities of 8.96 cm. There are 110 regular cavities and two couplers with a matching cells each. Both input and output couplers are symmetric dual-feeds, radiating energy out through antenna horns towards pyrodetectors. Fig. 1(a) shows a solid model of the output section of the 100 GHz travelling wave accelerating structure. Fig. 1(b) shows a picture of the output section of the copper-silver structure. When the gap is closed there is no opening for the beam to travel. The geometry of the vacuum part of the regular cell and of the coupler is shown in Fig. 4 of paper [68] .
RF simulations
In our experiments the electromagnetic fields in the structure are excited by the FACET ultra-relativistic electron beam. To characterize the beam-structure interaction we simulated the periodic accelerating structure by using one regular cell. We calculate the rf parameters, accelerating gradients and peak fields by using the rf simulation code Ansys HFSS [71] . We used a modal expansion method, described in [68] . We repeat for clarity the relations used to obtain the rf quantities that characterize the structure.
The shunt impedance per unit length is:
The loss factor (per unit length) including the group velocity related compression factor [72, 73, 74] is:
The group velocity is:
The decay time (of the rf power) is:
The filling time is:
The attenuation length is:
After calculating the above rf parameters, the following expressions are the quantities induced by the beam, for a given mode:
The induced accelerating gradient is:
The induced power flow is:
The pulse energy is:
Coupler matching
Practically, the rf coupler can only be matched for a specific gap size. We choose to match the coupler at 0.3 mm gap size and calculate the reflectivity for other gap values. The matching procedure is described in [75, 76] . In these simulations we varied the gap from 0.2 mm to 8 mm. Fig. 2 shows the reflection and power transmission of the coupler for different gap sizes. This plot is an extension of Fig. 10 of paper [68] , since in the new copper-silver experiments we explored a new parameter space at large gaps, performing measurements by opening the structure gap up to 7.5 mm.
Electrical parameters of the 100 GHz accelerating structure
In the following we present the results of the rf simulations for the 100 GHz copper and copper-silver travelling wave accelerating structure.
The rf parameters of the fundamental accelerating mode are listed in Table 3 . This is the extension of Table I of paper [69] , since in the new copper-silver experiments we explored a new parameter space at large gaps, performing measurements by opening the structure gap up to 7.5 mm. The quality factor Q 0 for copper-silver was calculated by using the copper resistivity. From our X-band experiments the copper-silver structure has practically the same Q 0 as the copper one.
The plot of the group velocity, electric field (accelerating and peak on surface), power and pulse energy of the fundamental [68] , since in the new copper-silver experiments we explored larger gaps, performing measurements by opening the structure gap up to 7.5 mm. The plot of the simulated synchronous frequencies is shown in Fig. 15 of the experimental section, compared with the frequency measurements.
Radiated power through the output waveguide
With a gap size of 0.3 mm all the rf power is coupled to the output waveguide. For the other gaps the power of the fundamental accelerating mode radiated from the waveguides is calculated by taking into account the reflection as:
2 ) (the reflection of upstream coupler is ignored). The rf power pulses generated by the 1 nC bunch, with σ z = 25 µm, are depicted in Fig. 4 , without the coupler reflection (a) and with the coupler reflection (b). The rf output power per each horn is P out /2, due to the symmetric dual feed coupler type.
Pulsed surface heating
Cyclic thermal stress produced by rf pulsed heating was identified as a limiting factor for linear accelerators at extremely high frequencies [77, 78, 79] . Pulsed surface heating limited the performance of accelerator couplers at X-band linear accelerators considered for the next linear collider (NLC) [12, 2, 3, 14] . Recent studies of breakdown rates in high gradient linear accelerators showed a direct correlation between these rates and pulsed heating [80] .
The correlation of peak pulsed surface heating with rf breakdowns motivated us to evaluate the pulsed surface heating in the Table 3 : RF parameters of the regular cell of the 100 GHz structure, for the fundamental mode, excited by 1 nC bunch with σ z of 25 µm. beam-excited 100 GHz accelerating structures. We analyzed the pulsed heating in a regular cell located near the output coupler by using the following assumptions. We consider fields of only the fundamental mode, without taking into account coupler reflections, therefore we did not consider the increase of pulsed heating due to standing waves caused by coupler reflections. We assumed that there was no increase of conductivity due to surface roughness and that the metal physical properties did not change during the rf pulse. In the calculations of pulsed heating for copper-silver we used the properties of copper, since a small percentage of silver in the copper does not significantly change the material properties.
The time dependent pulsed surface heating is calculated by using [36, 79] :
where H(t) is the time-dependent peak surface magnetic field, f is the working frequency, µ is the magnetic permeability of copper, σ is the electric conductivity of copper, k is the thermal conductivity of copper, ρ is the copper-silver allow density supposed to be the same as copper, and c ǫ is the specific heat of copper. For a square rf pulse, with amplitude H(t) = H max and pulse length τ, the peak pulsed heating is given by:
In our experiments, the pulse of the fundamental mode near the output coupler decays exponentially, and is truncated by the filling time τ F (see Fig. 4 ). Thus the behavior of H(t) can be modeled as:
which can be integrated analytically. The calculations of the peak pulsed surface heating in a cell, generated by a 2.7 nC bunch with σ z = 25 µm, without taking into account the coupler reflections are shown in Fig. 5(a) , for different gaps. as a function of time, for the pulse shapes shown in Fig. 4(a) .
RF pulse length
To calculate the pulse length we considered the fields of the fundamental accelerating mode, near the output (downstream) waveguide. As the fundamental mode propagates towards the output waveguide its energy decays due to losses in the metal. Therefore the rf power at the output waveguide is decaying with time constant equal to τ D , and it is truncated with the so-called "filling time", equal to τ F . During the experiment we varied the rf parameters of the structure by remotely changing the gap. With small gaps the losses in the metal are dominant, and therefore the pulse length is equal to the decay time τ D , on the other hand with large gaps the pulse length is determined by the filling time τ F . The plot of the simulated pulse length is shown in Fig. 17 of the experimental section, compared with the pulse length measurements.
In X-band structures there is a strong dependence of the breakdown rate on pulse length [14, 32] . In beam excited structures, the pulse is decaying. Therefore it is hard to compare the results with previous data obtained with structures excited by rf sources, such as klystrons. In order to compare our results with results of structures excited by rf sources we introduced two quantities related to pulse length. We define equivalent rectangular pulse length quantities in order to compare our beam-excited pulse shapes with simplified rectangular rf pulses. We defined τ T as: the equivalent pulse length which produces the same surface heating as a rectangular one, and τ W as: the equivalent pulse length with the same pulse energy. We refer to Fig. 7 of paper [70] , to show the derivations of the equivalent pulse lengths.
We show in Table 4 the pulsed surface heating and equivalent pulse lengths for the 100 GHz copper experiment, with 3.2 nC of bunch charge and σ z = 50 µm, and for the 100 GHz coppersilver experiment, with 2.7 nC of bunch charge and σ z = 25 µm.
Surface wave
Typically the beampipe of accelerating structures is well below cut-off, for example at X-band a/λ is around 0.1 ∼ 0.2 , where a is radius of the beampipe [32] .
In our open accelerating structure we calculated the rf parameters for different gaps starting from 0.2 mm. We observed that when we opened the gap more than half wavelength, the fundamental accelerating mode is above cut-off, but it remains trapped. Fig. 6 shows the simulation of the synchronous wave in one period of the accelerating structure: gap = 0.5 mm, a/λ = 0.108 ( f = 130 GHz) (a); gap = 1.3 mm, a/λ = 0.26 ( f = 118 GHz) (b); gap = 4 mm, a/λ = 0.7 ( f = 102 GHz) (c); in all three cases the mode is trapped. Thus when the gap is larger than 1.3 mm, the mode is above the beampipe cut-off, but the rf power is guided by the corrugations with no radiation. This behavior is consistent with the so called "surface wave".
Surface waves were studied for applications to communications by [81] , showing that guided waves do not necessarily need to be confined within physical boundaries. G.Goubau [82, 83, 84] presented single conductor surface wave transmission lines. W. Rotman studied a single surface corrugated waveguide [85] . A review of surface waves is presented by G. John [86] . H. M. Barlow [87] discussed the different forms of surface waves, behavior and applications. This effect was also studied by Smith-Purcell [88] and used to make high power THz sources [89] .
The surface wave is trapped between the structures halves with oversized gaps, it has no radiation losses, while it has wall losses. The electrical parameters presented in Fig. 3 describes the surface wave when the gap is larger than 1.3 mm (when the rf is above cut-off).
We dedicated two shifts for the study of surface waves, on November 21 and November 30, 2015. The results are presented in the experimental section of this paper.
Possible application of surface wave can be beam manipulation, such as beam dechirpers [90, 91] , or beam diagnostics such as passive deflectors [92, 93] . The deflecting wakefields create a chirp of deflecting forces over the length of the bunch, which could be used for bunch diagnostics at sub-fs resolution [94, 92, 95] . An algorithm for reconstructing the phasespace of an electron bunch by using a passive deflector is described in [92] .
Experimental setup and results
In this section we show the experimental results obtained with the 100 GHz copper-silver accelerating structure (Experiment No. 7 of Table 2 ). Since in our X-band experiments, copper-silver accelerating structures typically have lower breakdown rate than copper structures, we will compare the results of these experiments, with the ones performed with the 100 GHz copper accelerating structure of March 29, 2015 [69] Table 2 ).
Installation of the accelerating structures
The structures were manufactured by the company EDM Department Inc. [96] , with precision milling, and cleaned according to SLAC procedure developed for the high-gradient X-band program [97, 98] . The structures, and the remote controlled stages used to align the structures to the beam, were housed in a vacuum chamber in the FACET experimental area, shown in Fig. 7 .
Bending magnet (vertical) Screen, camera We assembled the two halves of the accelerating structure on remotely controlled motorized stages. Motorized stages are used to shift the structure horizontally (X) or vertically (Y) with respect to the electron beam. There was also a motor to adjust the gap between the two halves of the structure, shown in Fig. 8(b) . A mirror is glued to the structure for laser alignment, and a phosphor screen is bolted to the edge of the structure to image the electron beam. The assembly is then installed in the experimental vacuum chamber. The structure antenna horns are directed towards pyrodetectors that sense the pulse energy and towards an interferometer that measures the frequency spectrum of the emitted radiation.
The structure was aligned to the electron beam trajectory by using two methods: with a laser (i) and with a dial gauge with gooseneck (ii). The misalignments called "yaw", "pitch" and "roll" are shown in Fig. 9 and must be reduced.
(i) Auto collimation to the laser: we used a laser beam aligned to the trajectory of the FACET electron beam during the previous run, as reference. We moved the structure until the laser beam hits the mirror attached to the structure (see Fig. 8(b) ) and gets back reflected. We started the alignment procedure by tilting the structure with pitch and yaw adjusting screws. When the back reflected laser beam travels back along the same trajectory as the forward laser beam, the misalignment angles identified as "yaw" and "pitch" (see Fig. 9 ), are reduced.
(ii) Roll alignment parallel to the X stage motion (see Fig. 10 ). For the 100 GHz copper-silver experiment we devel- oped an additional alignment procedure to reduce the misalignment angle called "roll" (see Fig. 9 ). A dial gauge, mounted on a gooseneck support touches the top of the structure (see Fig. 10 ). While moving the structure horizontally in X we observed the displacement on the dial gauge. Roll screws are adjusted to remove any variation of the dial gauge readings. The structure roll is aligned when the gauge reading is practically constant as the structure is moved horizontally. This alignment allows the electron beam to pass cleanly through the gap between the top and bottom halves of the structure. The two forward output horns radiate the rf power, which is detected by the interferometers and pyro-detectors. For each experiment we recorded the pyrodetector voltage, which is proportional to the pulse energy emitted from the output waveguide horn. The interferometer measures the frequency spectrum of the emitted radiation.
We invented a new diagnostic tool able to reliably detect breakdowns [68] . Since breakdowns generate electron and ion currents, we incorporated an arc-detector unique to open structures. The two metal halves that compose the structure were electrically insulated from ground and each other using plastic film. We measured the field emission current and the breakdown current by measuring the voltage induced in the two separate metal blocks. This was achieved by connecting the two metal halves to an oscilloscope (see Fig. 8(c)) . A signature of a rf breakdown is a spike in the current monitor signal. We can clearly see voltage spikes of both polarities correlated with the transverse position of the electron beam inside the cavity and the magnitude of the pyrodetector signal. We assumed that these voltage spikes are due to currents generated by rf breakdowns.
The raw signal generated by the pyrodetectors and by the arc-detector are processed by a boxcar integrator. A boxcar integrator (other names are gated integrator and boxcar averager) integrates the signal input voltage after a defined waiting time (trigger delay) over a specified period of time (gate width).
After the installation, the vacuum chamber is closed and evacuated. (5), phosphor screen (6), right reflected rf horn (7), left forward rf horn (8), vacuum feed-through (9), rf window (10), output rf beam (11), interferometer (12), video camera for beam-structure alignment (13) . Accelerating structure assembled on remotely controlled motorized stages (b), back side of the structure with the arc-detector cables connected, installed in the vacuum chamber (c).
Experimental electron beam operations
During the 100 GHz copper-silver experiments, the FACET electron beam had an energy of 20. Original sketch of the alignment setup used to reduce the roll misalignment angle, by using the dial gauges with gooseneck. The structure is considered aligned when the gauge reading is practically constant as the structure is moved horizontally. the bunch charge was 3.2 nC. In the second shift (November 23, 2015) the bunch charge was 2.7 nC. In the third shift (November 30, 2015) the bunch charge was 2.7 nC. The transverse (horizontal and vertical) beam size was determined by using the wire scanner, while the bunch length was determined by using a transverse deflecting cavity [28] . We summarize the bunch size measurements in Table 5 .
In the second shift we measured the breakdown rate in the 100 GHz copper-silver accelerating structure. We dedicated the first and the third shifts to study the surface wave.
The common operations performed with the electron beam are the following: (i) Detect the beam on the phosphor screen: if the electron beam hits the structure, it will damage delicate parts of the corrugations. Therefore, as a first step, we must steer the beam onto the phosphor screen, which is installed far from the corrugations. (ii) Finding the vertical center of the structure: when the gap is set, we determine the vertical posi- tion of the structure for which the beam is vertically centered between the two halves. This is done by setting the electron beam at an approximate vertical center (horizontally it is far from the corrugations). The structure is slowly moved up (and down), till the beam halo slightly touches the metal, generating a radiation shower, detected by photomultiplier tubes. We mark the positions of the motor where the photomultiplier voltages are approximately the same. We take the average between these two motor positions to determine vertical center of the structure. Accuracy of these measurements are determined by the shape of the transverse distribution of the beam and resolution of mover positioning. The resolution of the mover motor is about a micrometer while bunch vertical size is σ y . Since we cannot measure the exact transverse distribution of the beam, we conjecture that the upper bound on accuracy of the location of the vertical center of the structure is σ y . (iii) Horizontal scan: once we determined the vertical center, the structure is moved horizontally, allowing the beam to interact with the corrugations, generating electromagnetic fields. During each scan, we observed the magnitude of the energy pulses produced by the structure with pyrodetectors. (iv) The scan procedure is then repeated with different gaps. (v) Breakdown rate measurement: the beam is placed in the central axis. Breakdowns are counted using the arc-detector, while the frequency is measured with the interferometer.
We report the complete timeline of the experiments performed with the 100 GHz travelling wave accelerating structures. We followed the format established for X-band rf breakdown experiments, showing the full history of the exposure of the structure to rf fields and the corresponding behavior of the accumulated rf breakdowns. We obtained the timeline of the 100 GHz copper experiments (Mar 29, 2015 [69] ) and compared it with the 100 GHz copper-silver experiments. Fig. 11(a) shows the data from the experiment with the copper accelerating structure. The beam was vertically centered between the structure halves. Fig. 11(b-c-d) shows the data from the three shifts performed with the copper-silver structure. In (b-c) we show the surface wave measurements, when the beam was offset from the vertical center and thus closer to either top or bottom half of the structure: the pyrodetector signal increases as the beam gets close to the surface. In (c) the beam was vertically centered between the structure halves. During these four shifts, we performed horizontal scans of the beam over the cavities (bell shaped curves of the pyrodetector signal), frequency measurements and collection of breakdown statistics (time intervals where the pyrodetector voltage is flat).
Measurement of electron beam deflection
When the electron beam trajectory moves horizontally offaxis it excites deflecting fields, and when the beam trajectory moves far beyond the corrugations, the deflection disappears. A camera located after the vertically bending magnet records the screen image of the bunch at each pulse (see Fig. 7 ). The vertical screen coordinate corresponds to the beam energy. The beam optics between the test structure and the camera converts the horizontal kick angle θ x , generated by the structure, to a horizontal beam displacement ∆x, given by:
where R 12 (= 14 m) is the optics coefficient that converts a beam horizontal angle into a beam horizontal displacement, given by the deflecting voltage V x and the beam energy E. During a horizontal scan we measured the horizontal deflection of the beam centroid (∆x) on the diagnostic screen, and the corresponding deflecting voltage was calculated using the electron beam optics parameter R 12 . In this measurement, we assume that the 20 GeV beam does not receive an offset shift at the end of the structure. It only receives a change in the angle trajectory. We simulated the transverse voltage excited by a Gaussian bunch with σ z = 25 µm and a charge of 2.7 nC (used in the 100 GHz copper-silver structure, November 23, 2015 experiment) by performing short range wakefields simulations, with GdfidL [99] . We compared the experimentally measured deflecting voltage with the simulated one. Fig. 12 shows this analysis in a horizontal scan. Vertical error bars correspond to standard deviation of the centroid positions caused by transverse position jitter of the FACET bunch, pulse to pulse variation of the bunch shape and rf breakdowns. We believe that Beam-structure distance Figure 11 : Timeline of the experiments performed with the 100 GHz copper accelerating structure, with 3.2 nC of bunch charge, σ z = 50 µm, the gap varied from 1.7 mm to 0.7 mm (a), and timeline of the experiments performed with the 100 GHz copper-silver accelerating structure, involving the first shift with 3.2 nC of bunch charge, σ z = 25 µm, the gap varied from 6 mm to 2 mm (b), second shift with 2.7 nC of bunch charge, σ z = 25 µm, the gap varied from 3 mm to 0.4 mm (c), third shift with 2.7 nC of bunch charge, σ z = 25 µm, the gap varied from 7.5 mm to 1.5 mm (d). The green plot is the reference pyrodetector signal, the blue is the gap, the red is the integrated number of breakdowns, recorded with the arc-detector. Bell shaped curves of the pyrodetector signal are generated during the horizontal scans of the beam over the cavities and flat parts are the time intervals when we performed frequency measurements and collection of breakdowns.
good correspondence between the simulated and measured deflecting voltages confirms our simulations of the accelerating voltage.
The simulation tools that we used to calculate the wakefield are confirmed by the "NOVO" code, developed by A. Novokhatski [100, 101, 102, 103] . Example of comparison between our wakefield calculations and the "NOVO" code are reported in Fig. 3 of [69] .
Measurement of breakdown rate in the copper and copper-
silver structure In this section we present the measurement and comparison of the breakdown rate, performed in the copper and in the copper-silver 100 GHz accelerating structures.
The breakdown rate measurement was performed by positioning the beam on the central axis and by exposing the structure to a certain number of pulses (flat part of the pyrodetector signal of Fig. 11 . At a fixed gap, we recorded the arc-detector data and then calculated the corresponding breakdown rate.
These breakdown rate measurements have been performed at different gaps. The results are shown in Fig. 13 , for the coppersilver structure during the second shift (Nov 23, 2016) with 2.7 nC of bunch charge and σ z = 25 µm (red plot), compared with the copper structure during the March 29, 2015 shift with 3.2 nC of bunch charge and σ z = 50 µm (blue plot). The coppersilver structure presents better breakdown rate compared with the copper structure. This result is consistent to the one obtained at X-band, where copper-silver hard alloys present better breakdown rate.
Measurement of frequency with interferometer
Frequency measurements are made using a scanning Michelson Interferometer [104] , shown in Fig. 8(a) . A detail description of the working principle is described in [70] . The interferometer measures the autocorrelation function of the emitted signal. The Fourier transform of the autocorrelation function gives the spectral density of the signal. Fig. 14 shows the spectrum obtained during a frequency measurement with gap = 0.9 mm. The measured frequency was 123.6 GHz.
The results of the frequency measurements as a function of the gap, performed during the 100 GHz copper-silver tests, are shown in Fig. 15 , compared with the simulations. We have good agreement between simulations (blue plot) and measurements (red symbols).
Measurements of pulse length
We verified another prediction of the structure behavior. We determined the rf pulse length from the interferometer measurements.
For gaps larger than 3 mm, the group velocity is high, the pulse filling time is at least ten times smaller than the decay time (see Table 4 ). Since τ F << τ D , the emitted rf pulse can be approximated as truncated sine function with no damping:
with autocorrelation function:
where A is the amplitude of the rf pulse. We fit the measured interferometer signal with the autocorrelation function, obtaining A and τ F as fitting parameters. Fig. 16 show an example of fitting the measured interferometer signal, with the autocorrelation function.
The results are shown in Fig. 17 . They are in good agreement with the simulations. Table 4 .
Measurements of the surface wave
The experimental measurements of the surface wave have been performed with a gap of 6 mm and 7.5 mm, which is the maximum gap allowed by our setup. With gap = 7.5 mm, gap/λ = 2.4 and the surface wave is still trapped between the structure halves. The picture of a structure half is shown in Fig. 18 . To study the surface wave we moved one half structure close to the electron beam, as shown in Fig. 18 . The measurement of the surface wave properties relied on the rf radiated by the horns.
With the pyro-detector we observed that the radiated pulse energy increases when the beam trajectory gets close to the structure half (See Fig. 19 ). The structure couplers were designed to be matched for gap = 0.3 mm [68] . With any other gap the coupler are mismatched but we are still able to detect the energy excited by the beam even at the maximum gap. The measured frequencies and pulse lengths of the surface wave (when the gap is larger than 1.3 mm), are in good agreement with the simulations (see Fig. 15 and Fig. 17 ).
Scanning Electron Microscope (SEM) inspection of the
copper and copper-silver structure After the tests the accelerating structures were inspected with a scanning electron microscope. The SEM results of the experiments No. 1, 2, 5 and 6 of Table 2 (100 GHz copper structures of [68] and 200 GHz structures [70] ) showed that the out-put part of the structure is mostly damaged by rf breakdowns. These results are consistent with our understanding of breakdown behavior, because in the output part of the structure the fields are higher, the rf pulse length is the longest and thus the pulsed heating is higher. For these reasons, we were expecting to obtain similar results in our last 100 GHz tests (Experiments No. 4 and 7 of Table 2 ).
However the SEM inspection revealed different damage pattern in the experiment No. 4, performed with the 100 GHz copper structure (Mar 29, 2015 [69] ), and in the experiment No. 7, performed with the 100 GHz copper-silver structure (Nov 21-23-30, 2015) .
The results of the SEM inspection of the 100 GHz copper accelerating structure (experiment No. 4) are shown in Fig. 20 . The input part of the structure shows little to no rf damage, from the input coupler to cell 54. Also the output part of the structure shows little to no rf damage, from the cell 97 to the output coupler. We found rf damage in the middle part, from cell 55 to cell 69, and from cell 81 to cell 96. With these autopsy results we conjecture that the measured breakdown rate was determined by the behavior of several cells in the middle of the structure. Possible explanations for the increase of the breakdown rate in these cells could be imperfections in the machining and in the cleaning process.
The results of the SEM inspection of the 100 GHz coppersilver accelerating structure (experiment No. 7) are shown in Fig. 21 . Input and output couplers do not show obvious of rf damage. Surface melting/rf pulsed heating damage can be found on every (most) irises at high magnification. However, the damage was light compared to most previous structures of this type [68, 69, 70] . No "heavy" RF damages were found anywhere on the top and bottom blocks. This behavior is inconsistent with the first two 100 GHz experiments [68] and with the 200 GHz experiments [70] , where we found the most rf damages near the output coupler, where the fields are higher and the rf pulse excited by the beam is the largest.
Discussion
In the 100 GHz experiments (No. 4 and 7 of Table 2), the breakdown behavior of copper and copper-silver was consistent with X-band, where the copper-silver structure better performed than copper. This is inconsistent with the 200 GHz experiments (No. 5 and 6 of Table 2 ), where the copper-silver structure performed worse than copper. We speculate that with the 200 GHz copper-silver structure the higher beam repetition rate could have increased the breakdown rate.
The SEM image pattern of the 100 GHz experiments (No. 4 and 7) is inconsistent with all other experiments where we found the most rf damages near the output coupler, where the fields are higher and the rf pulse excited by the beam is the largest, thus increasing the probability of breakdown.
The SEM autopsy of the structure used in the experiment No. 4 revealed that the input part of the structure had little to no rf damage, from the input coupler to cell 54. Also the output part of the structure had little to no rf damage, from the cell 97 to the output coupler. We found rf damage in the middle part, from cell 55 to cell 69, and from cell 81 to cell 96. We conjecture that the measured breakdown rate was determined by the behavior of several cells in the middle of the structure. Possible explanations for the increase of the breakdown rate in these cells could be imperfections in the machining and in the cleaning process. This copper structure might perform better without these imperfections.
In the 100 GHz copper-silver structure (experiments No. 7) we did not see increased damage in the output part. Possible explanations are: better structure production, better experimental conditions, better structure alignment by using the dial gauge, and lower peak pulsed surface heating (with respect the 200 GHz).
The measured breakdown rates are relatively high for the field levels and pulse lengths as compared to values extrapolated from X-band experiments [14, 9] . Typically X-band accelerating structures were conditioned by more than 10 8 rf pulses, without beam and vacuum pressures below 10 −8 Torr. In this experiment the rf field is excited by the FACET beam so the number of pulses was limited to < 10 6 by the practical length of the experimental shift and the vacuum level is about 10
Torr. We conjecture that the breakdown rate is expected to improve with a better vacuum and more conditioning time. The presence of the FACET beam could have increased the breakdown rate. The beam halo was intercepted by the structure and a few times, the whole beam was dumped into the structure due to linac faults.
Conclusions
We report the first experimental measurements of rf breakdown statistics and frequency in a copper and copper-silver travelling-wave accelerating structure at 100 GHz frequencies. The experimental measurements of the frequency and pulse length of the radiation emitted by the structure horns are in good agreement with the calculations.
Deflecting voltage was measured by observing the displacement of the electron beam on a diagnostic screen downstream of the structure. This measurement confirms our simulated values of deflecting and accelerating gradients.
We measured the breakdown rate statistics at different gap sizes between the two structure halves, by placing the beam in the central axis. The breakdown rates measured in the 100 GHz copper and copper-silver structures are in Table 6 . The copper structure has higher breakdown rate than the copper-silver one. This behavior is consistent with X-band studies, but it is inconsistent with the 200 GHz experiments results. Possible explanations for the lower breakdown rate in the 100 GHz copper-silver structure are better material properties and fewer imperfection. We conjecture that the influence of the FACET beam and the limited number of conditioning pulses both could have increased the breakdown rate. We are working on future experiments where high gradient accelerating cavities will be powered by rf sources in order to avoid the influence of the driving beam on the rf breakdown performance. We observed that a confined travelling-wave mode is trapped between the structures halves with oversized gaps, larger than the wavelength. Its behavior is consistent with the so called "surface wave". We measured the rf parameters of the surface wave, including the frequency and the pulse length, in good agreement with simulations.
These studies will pave the way towards the use of sub-THz devices in future accelerators applications.
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